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CONVERSION FACTORS AND VERTICAL DATUM

Multiply By To obtain
Length
inch (in.) 254 millimeter
foot (ft) 0.3048 meter
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foot per mile (ft/mi?) 0.18%4 meter per kilometer
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Sea level: In this report "sea level" refers to the National Geodetic Vertical Datum of 1929--a geodetic
datum derived from a general adjustment of the first-order level nets of both the United States and
Canada, formerly called Sea Level Datum of 1929.
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HYDROGEOLOGY AND GROUND-WATER FLOW,
FRACTURED MESOZOIC STRUCTURAL-BASIN ROCKS,
STONY BROOK, BEDEN BROOK, AND JACOBS CREEK
DRAINAGE BASINS, WEST-CENTRAL NEW JERSEY

by Jean C. Lewis-Brown and Eric Jacobsen

ABSTRACT

This study was undertaken to characterize ground-water flow in the Stony Brook, Beden
Brook, and Jacobs Creek drainage basins in west-central New Jersey. The study area, an 89-
square-mile area, is underlain by dipping beds of fractured siltstone, shale, and sandstone and
by massive diabase sills. The density of fractures in all the rocks decreases with depth. Rocks on
both sides of the major fault that extends through the study area are extensively fractured.

The average annual rates of precipitation and ground-water recharge in the study area
are 45.07 inches and 8.58 inches, respectively. The rate of recharge to the diabase rocks is about
one-half the rate of recharge to other rocks. Part of the surface runoff from the diabase rocks
flows downslope and recharges the ground-water system where more permeable rocks crop out.

The decrease in the density of fractures with depth is reflected in specific-capacity data.
The specific capacity per foot of open hole of wells that are less than 76 ft deep is two to six times
greater than that of wells 76 to 100 ft deep. Because water-bearing units dip, they are more
extensive in the strike direction than in the dip direction, and ground-water flow is skewed
toward the strike direction. Ground-water divides generally coincide with surface-water
divides, and most ground-water flow in the study area follows short flow paths from the point of
recharge to a nearby stream. Most ground-water flow in the study area occurs between the water
table and 75 ft below land surface. When the system is unstressed, only about 6 percent of the
recharge at land surface reaches depths greater than 75 ft below land surface.

A three-dimensional digital model of steady-state, prepumping ground-water flow was
developed to test hypotheses concerning the geologic features that control ground-water flow in
the study area. The decrease in the density of interconnected fractures with depth was simulated
by dividing the model into two layers of different hydraulic conductivity. Over most of the
model area, the upper layer represents the part of the system between the water table and 75 ft
below land surface, and the lower layer represents the part of the system deeper than 75 ft below
land surface. The pinching out of water-bearing units in the dip direction at land surface and at
depth was represented by setting the hydraulic conductivity in the dip direction 2 times lower
than in the strike direction for the upper layer and 10 times lower than the strike direction for the
lower layer. The vertical conductivity was slightly higher than the dip-direction horizontal
conductivity. This model is appropriate for the analysis of ground-water flow in areas greater
than about 0.5 square mile in size and if analysis of flow in discrete water-bearing units is not
needed.



INTRODUCTION

This report is a result of the Appalachian Valleys-Piedmont Regional Aquifer-System
Analysis (RASA) study. The Appalachian Valleys-Piedmont RASA is one of several regional
investigations being conducted to assess the Nation's principal aquifer systems (Sun, 1986). The
USS. Geological Survey (USGS) began the RASA program in 1978, as mandated by Congress, and
was given the task of "initiating a program to identify the water resources of the major aquifer
systems within the United States . . .and . . . establish the aquifer boundaries, the quantity and
quality of the water within the aquifer, and the recharge characteristics of the aquifer” (Sun, 1986,
p.-2.

The objectives of the Appalachian Valleys-Piedmont RASA include an identification of
the major hydrogeologic terranes within the Valley and Ridge, Piedmont, Blue Ridge, and New
England physiographic provinces (fig. 1) and a quantitative assessment of the components of the
ground-water flow systems in typical areas within each major hydrogeologic terrane (Swain and
others, 1991, p. 3).

The Mesozoic structural basins of the eastern United States comprise one of the major
hydrogeologic terranes studied by the USGS as part of the Appalachian Valleys-Piedmont
Regional Aquifer-Systems Analysis. The basins extend from Massachusetts to South Carolina
(fig. 2). Aquifers in three of these basins—the Newark, Gettysburg, and Culpeper Basins--are
used extensively for ground-water supply. To characterize flow in these structural basins, an
89 mi2 area of the Newark Basin in west-central New Jersey (fig. 3) was chosen for detailed study.

Ground water is the primary source of potable water in the study area. Water-supply
systems serve Hopewell and Pennington Boroughs; most other residential and commercial users
obtain their water from privately owned wells (Jacobsen and others, 1993, p. 4).

Effective management of ground-water supplies requires an understanding of the
ground-water flow system. The flow system in Mesozoic-basin rocks, however, has been poorly
understood because the hydrogeologic framework consists of layered dipping beds in which
water flows primarily in a complex network of several types of fractures.

Burpose gnd Scope

This report describes ground-water flow in the Stony Brook, Beden Brook, and Jacobs
Creek drainage basins, west-central New Jersey. The hydrogeologic framework is discussed, and
the effects of geology and depth on hydrologic properties are evaluated on the basis of resuits of
1,492 specific-capacity tests conducted in and near the study area. Transmissivity and storage
coefficient estimated from resuits of 37 aquifer tests in the Newark Basin conducted before this
study are also included. A conceptual model of the ground-water flow system that includes
generalized ground-water flow paths and an identification of recharge and discharge areas is
described. A map of prepumping water levels in 544 wells in and near the study area is
included. The digital model that was used to analyze factors affecting ground-water flow in the
study area and to test hypotheses developed in the conceptual model is described. An analysis
of ground-water flow is presented, including the effect of diabase rocks on the ground-water
flow system, the vertical distribution of ground-water flow, the source of water to wells, and the
effect of anisotropy on base flow to streams. Average-annual water budgets for the Stony Brook,
Beden Brook, and Jacobs Creek drainage basins also are included.
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Analysis study area and physiographic provinces. (From Swain and others,
1991, figl.)



EXPLANATION

Mesozoic basins:

. Wadesboro (N.C.-S.C.)

. Sanford (N.C.)

. Durham (N.C.)

. Davie County (N.C.)

. Dan River and Danville (N.C.-Va.)
. Scottsburg (Va.)

. Basins north of Scottsburg (Va.)
. Farmville (Va.)

. Richmond (Va.)

. Taylorsville (Va.)

. Scottsville (Va.)

. Barboursville (Va.)

. Culpeper (Va.-Md.)

. Gettysburg (Md.-Pa.)

. Newark (N.J.-Pa.-N.Y.)

. Pomperaug (Conn.)

. Hartford (Conn.-Mass.)

. Deerfield (Mass.)
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Figure 2. Exposed Mesozoic basins in the eastern United States. (Modified
from Froelich and Olsen, 1985, fig. 1.1.)



SH31IWOM € 4 3

[ 1 T
SN € 2 !

Aepunoq uiseg-abeuelq — - - —

NOILVNV1dX3

ybnoiog
uojaduld

IH Aoy

‘Bare Apms 9y) JO uOnNEd0T]

Tr6L “IiiH APOd 'pS6L ‘uoidug fpSeL ‘uciBuiuuag
liamadopy ﬁN%L ‘ajpiaudquie Fge1 ‘UoPROS
‘Aaning [edi80joan) g woy aseg

‘TY6L
‘sojduespenb’ 000"+Z:t

81 3u0z ‘uoidafaid 10RIIN
IsI3ASURY| |ESIDAIUN ‘TZ6L ‘000°000°Z:L
‘eiep [eudip Asaing [eaidojoan g way aseg

SHILIWOTN S O S 0
I I
|
0

[ I 7
SIUN s¥ oe St

\quowelL  y3dv
AN AQNLS

elineque

BiImsurng y
MON

r4



Rescription of Study Areg
The study area is located in the southern part of the Newark Basin of New Jersey. It was
chosen to typify the Mesozoic basins of the eastern United States because it contains most of the

rock types and geologic structures prevalent in the basins, including the diabase intrusions and a
major fault—-the Hopewell Fault.

Location and Extent

The study area is located in west-central New Jersey and encompasses approximately
89 miZin Mercer, Somerset, and Hunterdon Counties (fig. 3). It includes the entire Stony Brook
and Jacobs Creek drainage basins and the part of the Beden Brook drainage basin upstream from
U.S. Route 206. In this report, "Beden Brook drainage basin" refers specifically to the area
contributing drainage to Beden Brook upstream from U.S. Route 206. The two larger basins,
Stony Brook and Beden Brook, drain into the Raritan Bay. The smallest basin, Jacobs Creek,
drains into the Delaware River.

The Boroughs of Hopewell, Pennington, Princeton, and Rocky Hill (fig. 3) border or lie
within the study area. They are primarily residential communities that include or are
surrounded by agricultural and wooded areas. Several corporate research facilities also are
located within the area, but farms and woodlands still dominate the landscape.

The study area lies entirely within the Piedmont physiographic province. The
topography consists of ridges and broad valleys; relief is greatest in the northwestern part and
diminishes toward the southeast. Altitudes range from a high of 570 ft above sea level in the
northwest to a low of about 20 ft above sea level at the mouth of Jacobs Creek.

Geologic Setting

The study area is underlain by three geologic units of the Newark Supergroup of Late
Triassic and Early Jurassic age (table 1, figs. 4 and 5). Following deposition, the geologic rock
units were intruded by diabase sills, tilted, fractured, and eroded. As a result of tilting, the units
dip about 12 to 15 degrees toward the northwest and strike northeast (Vecchioli and Palmer,
1962, p. 10).

The Stockton Formation, the oldest unit, crops out in the southeastern corner of the
study area. In the study area, the Stockton Formation consists of red and gray arkosic sandstone
interbedded with shale. It is overlain by the Lockatong Formation, which crops out to the
northwest of the Stockton Formation. The Lockatong Formation consists mainly of alternating
beds of siltstone and shale with minor amounts of fine-grained sandstone. Many of the siltstone
and sandstone beds are extremely hard, chemically cemented siltstone and fine-grained
sandstone (argillite) (Houghton, 1990, p. E8). Zones of sandy siltstone within the Lockatong
Formation that are similar to the rocks in the overlying Passaic Formation were mapped as
separate units by Lyttle and Epstein (1987). The Passaic Formation of Olsen (1980), which crops
out in the central part of the study area, is composed of dull red shale interbedded with siltstone
and occasional layers of sandstone (Barksdale and others, 1943, p. 141). Some zones of rocks
similar to those of the Lockatong Formation have been mapped within the Passaic Formation
(Lyttle and Epstein, 1987).



Table 1.

[Modified from Lyttle and Epstein, 1987, sheet 2]

Geologic unit

Age

Lithology

Diabase

Passaic Formation of
Olsen (1980)

Lockatong Formation

Stockton Formation

Early Jurassic

Early Jurassic and
Late Triassic

Late Triassic

Late Triassic

Dikes, sills, and sill-like intrusives.
Fine- to coarse-grained (except very
fine to fine-grained near chilled
borders) diabase.

Thin- to thick-bedded shale, siltstone,
and very fine to coarse-grained
sandstone. Contains thin-bedded shale
and siltstone similar to the rocks in

the underlying Lockatong Formation.

Laminated to thick-bedded siltstone and
shale. Contains interbedded sandy
siltstone similar to the rocks in the
overlying Passaic Formation.

Thin- to thick-bedded, very fine- to
coarse-grained sandstone, siltstone,
and shale.




EXPLANATION

Jd Diabase s Trace of geologic section
A A shown in figure 5
Passaic Formation of Olsen (1980). o
JTrp<JTrpgl Contains strata (JTrpg) similar to the 15 Generalized strike and
rocks in the underlying Lockatong Formation dip of rock layers
Lockatong Formation. Contains strata Trace of fault
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assaic Formation .210359 Well location and number
74°45’
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Sourland Mountain
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Figure 4. Geology of the study area, Stony Brook, Beden Brook, and Jacobs Creek
drainage basins, west-central New Jersey. (Modified from Lyttle and Epstein, 1987,
sheet 1.)
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EXPLANATION

Diabase

Passaic Formation of Olsen (1980).
Contains strata (JTrpg) similar to the
rocks in the underlying Lockatong Formation

Lockatong Formation. Contains strata
g rlr) similar to the rocks in the overlying
assaic Formation

Stockton Formation
Lines of contact between geologic units

Trace of Hopewell Fault and
relative movement along the
fault

Generalized geologic section through the study area, Stony Brook,

Beden Brook, and Jacobs Creek drainage basins, west-central New Jersey.
(Location of section shown in fig. 4.)



The sequence of the three outcropping sedimentary geologic units—the Stockton,
Lockatong, and Passaic Formations—is repeated in the northwestern part of the study area as a
result of the presence of the Hopewell Fault. The Hopewell Fault strikes northeast and dips
about 30 degrees to the southeast (Ratcliffe and Burton, 1985, p. 38). When the fault occurred, the
rock formations on the southeastern side of the fault slid downward relative to the rocks on the
northwestern side. After faulting, rocks on the upthrown side of the fault escarpment were
eroded extensively. Today, land surface on the upthrown side of the fault is only about 200 ft
higher than that on the downthrown side. Extensive erosion on the upthrown (northwestern)
side of the fault resulted in the exposure of older geologic units and the repetition of outcropping
formations. '

The thicknesses of the Stockton, Lockatong, and Passaic Formations in the study area are
estimated to be 5,000, 6,000, and 14,000 ft, respectively. These estimates were made on the basis
of outcrop widths (fig. 4) and an approximate average dip of 13.5 degrees to the northwest.

Diabase sills intruded into the sedimentary rocks in several places. The diabase is
composed predominantly of very hard, fracture-resistant calcic plagioclase and augitic pyroxene
(Houghton, 1990, p. E18). Because of its pronounced resistance to erosion, the diabase forms the
highest ridges in the study area.

When the diabase intruded, the surrounding sedimentary rocks were altered by heat and
pressure to hard hornfels rocks. The hydraulic properties of the hornfels rocks resemble those of
the argillite rocks of Lockatong Formation (Kasabach, 1966, p. 33). The width of the altered zone
probably does not exceed a few hundred feet (Greenman, 1955, p. 33).

Previous Investiagti

The geology and ground-water resources of Mercer County have been described by
Vecchioli and Palmer (1962) and Widmer (1965). The geology and ground-water resources of
Hunterdon County were described by Kasabach (1966). Vecchioli and others (1969) reported on
the occurrence and movement of ground water in shales of the Brunswick Group at a site in the
Stony Brook drainage basin. Gerhart and Lazorchick (1988) described ground-water resources in
the Susquehanna River basin of Pennsylvania and Maryland, which includes part of the
Gettysburg Mesozoic structural basin, and Laczniak and Zenone (1985) reported on ground-
water resources in the Culpeper basin of Virginia and Maryland. A geologic map of the Newark
quadrangle that includes the study area was compiled by Lyttle and Epstein (1987). Betz-
Converse-Murdoch, Inc. (1978), conducted a study of the effects of sewering and increased
demand on ground-water resources in the northwestern part of Mercer County, New Jersey.
Houghton (1990) reported on the hydrogeology of the Mesozoic rocks of the Newark Basin of
New Jersey. Reading and Kurtz (1982) described the biology and chemistry of Beden Brook.
Jacobsen and others (1993) conducted a study of surface- and ground-water quality, base-flow
rates, and ground-water levels in the study area. Lewis (1992) reported on the effect of
anisotropy on ground-water discharge to streams in the study area.

HYDROGEOLOGY

The distribution of fractures in the aquifers of the study area is the most important
control on the rates and directions of ground-water flow because the fractures are the primary
paths for ground-water movement and the primary reservoirs for ground-water storage in these
rocks.
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Hydrogeologic Framework

The aquifers in the study area consist of the fractured Mesozoic sedimentary rocks in the
shallow parts of the Stockton, Lockatong, and Passaic Formations, and diabase rocks. These
geologic formations extend thousands of feet below land surface, but interconnected, water-
bearing fractures are present only from land surface to a depth of about 500 ft. Although the
lithology and extent of fracturing differ among the three sedimentary formations, all three are
characterized by several layers of extensively fractured rocks that typically are 1 to 10 ft thick
interbedded with layers of sparsely fractured rocks that typically are 30 to 100 ft thick
(Houghton, 1990, p. E18). In extensively fractured layers, joints parallel to bedding predominate.
In this report, the extensively fractured layers are termed "water-bearing units,"” and the sparsely
fractured layers are termed "confining units.” The term "aquifer” refers to the entire 500-ft-thick
sequence of water-bearing units and confining units. The hydrogeologic framework of the study
area is illustrated schematically in figures 6a (section oriented parallel to strike) and 6b (section
oriented parallel to dip). Each of these generalized sections represents only a small (about
1,000 ft wide and 500 ft deep) hypothetical part of the study area.

In the Stockton Formation, the water-bearing units are composed of sandstone and the
confining units are composed of siltstone. In the Lockatong Formation, the water-bearing units
are composed of fissile shale, and the confining units are composed of massive, thick-bedded
argillaceous siltstone. The Lockatong Formation is one of the poorest sources of ground water in
New Jersey but yields more water than the diabase rocks (Kasabach, 1966, p. 31). In the Passaic
Formation, the water-bearing units are composed of fissile shale and siltstone, and the confining
units are composed of massive siltstone.

In areas underlain by these sedimentary rocks, stream patterns and topography are
controlled by the outcrop patterns of rock layers. Valleys are present where the more easily
eroded, extensively fractured rocks crop out, whereas ridges are present where the less easily
eroded, sparsely fractured rocks crop out. Consequently, a typical landform in the study area
consists of long ridges and valleys parallel to the strike of the beds. Streams in the strike-aligned
valleys generally flow into streams that are aligned parallel or subparallel to the dip of the beds.
This is especially true in the northwestern part of the study area. This area is underlain by the
Lockatong Formation (fig. 4). The dip-aligned streams probably follow the traces of well-
developed vertical joints that cut across strike. The stream patterns in the study area (fig. 3)
illustrate the tendency for many streams or stream segments to be aligned along strike
(northeast) or along dip (northwest).

The diabase rocks are massive, hard, and sparsely fractured. Vertical fractures are spaced
1.0 to 6.6 ft apart except at the fault, where they are more closely spaced (Houghton, 1990,
p. E21). The range of orientations of fractures in the diabase sills typically is wider than that in
sedimentary rocks (Houghton, 1990, p. E18). Because fractures in the diabase are so widely
spaced, many unsuccessful wells have been drilled into these rocks (Vecchioli and Palmer, 1962,
p. 36).

Three types of fractures control ground-water flow in Mesozoic-basin aquifers—joints
parallel to bedding, high-angle joints nearly perpendicular to bedding, and high-angle faults.
Joints parallel to bedding serve as the primary flow paths in many of the water-bearing beds. In
water-bearing units composed of fissile mudstone and shale, some bedding-plane fractures are
less than 1 inch apart (Houghton, 1990, p. E25).
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High-angle joints provide interconnection between water-bearing units (Houghton, 1990,
p. E24). High-angle joints are present in several orientations. The most common (principal)
orientation of high-angle joints is northeast striking and southeast-dipping (Houghton, 1990, p.
E23). Outcrop evidence indicates that these principal joints are extensive vertically and
horizontally (Houghton, 1990, p. E23). Vertically, such joints commonly are continuous through
massive (confining) units and terminate in shaly (water-bearing) units (Houghton, 1990, p E24).
Other high-angle joints are found in up to three different directions at some locations.

The Hopewell Fault is typical of high-angle faults prevalent in the Mesozoic basins.
Rocks on both sides of the fault are densely fractured. Many wells near the Hopewell Fault have
higher yields than wells in similar unfaulted rock. These high yields indicate that the aquifers
are more permeable in the fault zone than in surrounding areas.

Throughout the study area, the rocks near land surface are extensively weathered. In the
weathered zone, circulating ground water has widened fractures and dissolved some of the
intergranular cement in the sedimentary rocks, especially in the Stockton Formation (Houghton,
1990, p. E22). Rocks below the weathered zone, which is generally about 75 ft thick, have no
intergranular porosity.

The density of horizontal and vertical fractures decreases with depth. The number of
fractures in rock cores from the Stockton, Passaic, and Lockatong Formations of the Newark
Basin in New Jersey is shown in figure 7 (Dorothy Payne, U.S. Geological Survey, written
commun., 1991). The locations from which the rock cores were collected are shown in figure 4.
At all three locations, the density of fractures decreases with depth. An analysis of geologic logs
of wells drilled in the Newark Basin of Pennsylvania also indicates that the density of fractures
decreases with depth (Greenman, 1955, p. 25).

Interconnected, water-bearing fractures are estimated to be present only in rocks less
than 500 ft below land surface. This estimate was based on the fact that extending well depths
beyond 500 ft usually does not increase well productivity (Greenman, 1955, p. 25).

Unconfined conditions commonly exist in the uppermost zone of water-saturated
subsoil, weathered and broken bedrock, and competent bedrock because pores and fractures in
this material commonly are well-connected (Houghton, 1990, p E20). Below a certain depth,
which varies from about 50 to 150 ft, confined conditions are caused by the presence of low-
permeability layers containing relatively few fractures (Houghton, 1990, p. E21).

Depth to bedrock in the study area generally is less than 10 ft. The material on top of the
bedrock is unconsolidated clayey silt and sand made up of residual materials from the
weathering of bedrock (Holman and others, 1954, p. 23, 39, 42, and 45).

Hvdraulic Properties of Aguifers
Specific-capacity tests and aquifer tests have been performed in the aquifers of the
Newark Basin to obtain estimates of hydraulic properties of the aquifers. Because tests were

performed by using wells that are open to several water-bearing units, they provide information
on the aquifer as a whole rather than on discrete water-bearing units.
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Specific Capacity

Results of specific-capacity tests of 1,492 wells in and near the study area were analyzed
to determine the effects of lithology and depth on specific capacity of wells. All wells used in
this analysis are domestic wells that are 6 inches in diameter. Public supply and industrial wells
were excluded from the analysis because many of these wells are drilled by using methods that
maximize yield, and many are located where yield is expected to be greatest. Consequently,
these wells probably are not representative of average, or random, conditions. Most wells in the
study area are 6 inches in diameter. Wells of other diameters were excluded from this analysis to
eliminate the effect of well diameter on specific capacity.

The 1,492 wells include all wells listed in previously published reports (Vecchioli and
Palmer, 1962 p. 48-108; Widmer, 1965, p. 52-59; and Kasabach, 1966, p. 58-127) that meet the
above criteria and that are open to one of the aquifers in the study area. Wells in Mercer,
Hunterdon, and Somerset Counties in the USGS Ground-Water Site Inventory data base also
were included in the analysis. Although many of these wells are outside of the study area, they
are in the same aquifers as those in the study area. The use of a larger number of wells than those
in the study area alone (approximately 400) provided a sufficiently large sample for comparisons
to be made among wells in various aquifers and wells of various depths (table 2).

Effect of ithology

A comparison of yield, specific capacity, and specific capacity per foot of open hole
among the aquifers in the study area reveals that each aquifer has different hydraulic properties
(table 2). Specific capacity per foot of open hole probably is a better measure of hydraulic
properties than yield or specific capacity alone because the effect of the length of the open hole is
taken into account and because the length of well openings in these wells ranges from 5 to 648 ft.
Additionally, specific capacity per foot of open hole has been shown to be directly proportional
to hydraulic conductivity (Theis and others, 1963). The median specific capacity per foot of open
hole of wells in the Stockton, Lockatong, and Passaic Formations is 0.00545, 0.00115, and 0.00393
((gal/min)/ft)/ft (gallons per minute per foot per foot), respectively. For wells in diabase rocks,
the median specific capacity per foot of open hole is 0.00143. The wells in diabase rocks included
in this analysis were all wells that were completed and put into service. Many unsuccessful
wells have been drilled into diabase rocks, however; if data for these unsuccessful wells were
available and were included in the analysis, the median specific capacity per foot of open hole for
diabase rocks probably would be much lower. These data indicate that the Stockton Formation is
the most permeable aquifer in the region and diabase is the least permeable.

Specific-capacity data are available for 49 wells in hornfels rocks of the Passaic Formation
located at the edges of diabase sills. The median specific capacity per foot of open hole of these
wells is 0.00097 ((gal/min)/ft)/ft, much lower than that of the other wells in the Passaic
Formation.

Data also are available for 18 wells in the part of the Passaic Formation containing
Lockatong-like rocks. The median specific capacity per foot of open hole of these wells, is
0.00130 ((gal/min)/ft)/ft.
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Table 2. Yi

[All wells are 6 inches in diameter and are used only for domestic purposes; gal/min, gallons per minute;
ft, foot]

Median Median specific
specific capacity per
Depth of wells Numberof  Median yield capacity foot of open hole
(ft) wells (gal/min)  [(gal/min)/ft] [((gal/min)/ft)/ft]

Wells in Stockton Formation

0-75 31 18.0 0.952 0.03210
76-100 64 15.0 620 01061
101-125 63 200 400 00440
126-150 47 15.0 .300 00282
151-175 18 270 749 .00911
176-200 13 15.0 324 00257
201-250 17 12.0 343 00243
251-300 8 57.5 434 00172
301+ 10 135.0 1.530 .00393

All wells 271 15.0 0.488 .00545

Wells in Lockatong Formation

0-75 17 12.0 0.526 0.01240
76-100 67 9.0 233 00370
101-125 58 6.0 128 00167
126-150 58 7.5 161 .00140
151-175 39 8.0 133 00086
176-200 27 6.0 066 .00039
201-250 33 6.0 .080 00042
251-300 15 8.0 .088 00032
301+ 34 5.5 037 00011

All wells 348 7.0 0.115 00115
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Table 2.

Ctinue
Median Median specific
specific capacity per
Depth of wells Numberof  Median yield capacity foot of open hole
(ft) wells (gal/min)  [(gal/min)/ft] [((gal/min)/ft)/ft]
Wells in Passaic Formation
0-75 11 15.0 0.545 0.01520
76-100 58 15.0 500 .00771
101-125 127 15.0 461 .00536
126-150 180 15.5 667 00601
151-175 130 15.0 644 00471
176-200 75 17.0 345 00223
201-250 66 12.0 227 .00109
251-300 32 11.0 129 00051
301+ 30 19.0 236 00076
All wells 709 15.0 0.462 0.00393
lls in Passaic Formation-—-contact metamorphic zone
All wells 49 6.0 0.113 10.00097
Wells in Passaic Formation--Lockatong-like strata
All wells 18 7.0 0.105 0.00130
Wells in diabase rock:

0-75 25 8.0 0.208 0.00906
76-125 39 5.0 096 00143
126+ 33 5.0 040 00023
All wells 97 5.0 0.109 0.00143
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Effect of depth

The specific-capacity data (table 2) indicate that hydraulic conductivity decreases as
depth below land surface increases, and that the largest decrease in hydraulic conductivity
occurs at about 75 ft below land surface. For wells up to 75 ft deep in the Stockton, Lockatong,
and Passaic Formations, the specific capacity per foot of open hole is 2.0 to 3.4 times that of wells
76 to 100 ft deep. For wells in the diabase rocks, the specific capacity per foot of open hole of
wells up to 75 ft deep is 6.3 times that of wells 76 to 125 ft deep. Because the open intervals of
wells that are 76 to 100 ft deep encompass the depths above as well as below 75 ft, the actual
specific capacity per foot of open hole for the zone 76 to 100 ft below land surface must be much
less than the specific capacity per foot of open hole for the entire open interval of the wells.

The decrease in specific capacity with depth is a result of the decrease in the density of
fractures and the decrease in the effects of weathering. Although the most transmissive zone
generally is between land surface and 75 ft below land surface, most wells are drilled deeper
than 75 ft for two reasons. First, the additional well bore provides increased storage for water
entering the well bore, and the increased storage augments the water supply. Second, the water
obtained from the first 75 ft may not be sufficient, and the well is deepened so that additional
water-bearing zones contribute water to the well.

Transmissivity

Estimates of transmissivity are summarized in table 3. These data are compiled from the
literature and are based on results of aquifer tests conducted during previous studies. Estimates
range from 100 to 4,700 ft2/d for the Stockton Formation, and from 900 to 4,300 ft 2/d for the
Passaic Formation . No reports of aquifer tests in the Lockatong Formation or in diabase rocks
are available. For most of these estimates, no information was given regarding the method used
to estimate transmissivity from aquifer-test data. If the method was inappropriate for the type of
aquifer, the estimated transmissivity may be higher or lower than the actual value. For example,
if data on an anisotropic aquifer is analyzed by using methods applicable to isotropic aquifers,
the estimated transmissivity could be either too high or too low depending on the location of the
observation well relative to that of the pumped well. This may explain the wide ranges in
transmissivity and storativity based on aquifer-test results.

Storage Coefficient

Reported storage coefficients estimated on the basis of results of aquifer tests in wells in
the Stockton Formation range from 0.00001 to 0.367 (table 3). No estimates of storage coefficient
have been reported for the other aquifers in the study area.

Porosity

The porosity of most rocks in the study area cannot be measured directly because it is due
predominantly to fractures. Herpers and Barksdale (1951, p. 27) estimated that the volume of
fractures in the upper 300 ft of the Passaic Formation was about 1 or 2 percent of the total rock
volume, but the method used to estimate the volume of cracks is unknown. Rima and others
(1962, p. 29) reported on laboratory tests on 12 samples of rock from the Stockton Formation in
Pennsylvania. The porosity of those samples ranged from 7.1 to 30.6 percent. The depths from
which these samples were obtained were not reported, but it is likely that they were from
relatively shallow depths, where intergranular porosity is found in the Stockton Formation.
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Table 3.

in the Ngﬂg k E asin, Ngﬂ ngsgya_n d Bgngsylvgig o

[ft2/d, square feet per day; --, no data available]

Trans- Storage
missivity coeffi-
Location (f2/d) cient Remarks Reference
Stockton Formation

Phoenixville, Pennsylvania 2,400 0.0002 Mean, 2 tests, one well 1
Phoenixville, Pennsylvania 2,000 - Mean, 2 tests, one well 1
Phoenixville, Pennsylvania 2,100 .002 Mean, 2 tests, one well 1
Norristown, Pennsylvania 3,100 .0007 One well 1
Norristown, Pennsylvania 3,200 0013 Mean, 2 tests, one well 1
Blue Bell, Pennsylvania 130 - One well 1
Doylestown, Pennsylvania 1,100 0002 One well 1
Doylestown, Pennsylvania 2,100 .000 One well 1
Doylestown, Pennsylvania 1,900 .0002 One well 1
Langhorne, Pennsylvania 3,100 .0005 One well 1
Chester County, Pennsylvania 1460 000137 Pumped well open from

68 to 124 feet below

land surface. 1
Chester County, Pennsylvania 260 367 Pumped well open from

152 to 184 feet below

land surface. 1
Middlesex County, New jersey 1,750 .0002 Pumped well open from

30 to 81 feet below

land surface 2
New Jersey and Pennsylvania 100-4,700 .00001-.001 "Few" tests 3
New Jersey and Pennsylvania 700 .00001 "Common" values 3
Mercer County, New Jersey 1,100 .0002 One well 4

Passaic Formation

Pennsylvania 900 - - 5
Pennsylvania 1,200 - Median, 19 wells 6
Pennsylvania 4,300 - Mean, 19 wells 6
References:

1 - Rima and others, 1962

2 - Lewis and Spitz, 1987

3 - Barksdale and others, 1958
4 - Vecchioli and Palmer, 1962
5 - Sutton, 1984

6 - Longwill and Wood, 1965
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GROUND-WATER FLOW

Ground water in the study area flows through a complex network of fractures further
complicated by the presence of nearly impermeable diabase rocks and very permeable fault
zones. For this study, both a conceptual and a digital model of the flow system were used to
determine flow-system characteristics and the effects of geologic features on the flow system.

Conceptual Mode| of Ground-Water Fiow

A conceptual model of ground-water flow was developed on the basis of the
hydrogeologic framework, measured water levels, specific-capacity data, and conclusions of
previous investigations. A water-level map of the study area was constructed to help
conceptualize ground-water flow, identify recharge and discharge areas, determine the effects of
geology on the water-level configuration, and calibrate the digital model (fig. 8).

All of the wells used to draw the water-level map are listed in tables 4a and 4b (at end of
report). Most of the wells are open to both unconfined and confined water-bearing units.
Therefore, the water levels in these wells are composite heads that include the effects of heads in
several water-bearing units. Only 48 wells are less than 75 ft deep--the approximate extent of the
unconfined system--and only 6 wells are cased to a depth greater than 75 ft. Consequently,
water-level data in both the unconfined and confined systems are insufficient for drawing
potentiometric-surface maps. Although the map is not a water-table map or a map of the
potentiometric surface of the confined system or of any single water-bearing zone, it indicates
the general trend of water levels and was used in this study as an approximation of the
configuration of the water-table surface.

Water-level altitudes in wells are controlled primarily by land-surface elevation. The
water table is a subdued version of the topography; water levels in topographically high areas
generally are a little deeper below land surface than water levels in lowlying areas. In
topographically high areas, the measured water levels generally were 25 to 35 ft below land
surface, whereas water levels in lowlying areas generally were 0 to 10 ft below land surface. In
areas where few water-level data were available, contours were based on the assumption that
this water-level trend prevails throughout the study area.

The 544 ground-water levels that were used to draw the map were measured over a period
of 83 years (1907-89). Consequently, they represent water levels in different seasons and under
different climatic conditions; however, temporal variability in water levels caused by seasonal
and long-term climatic fluctuations is assumed to be negligible relative to the spatial variability
caused by topography. Water-level data (fig. 9) from three wells in the study area indicate that
the long-term seasonal and climatic variability in water levels is less than 15 ft. At well 210365 in
the Stony Brook drainage basin, the range in water levels measured from February 1987 through
September 1994 is 6.8 ft. In the area of this well, the water-table surface slopes about 45 ft/mi.
Water levels in this well have been measured daily except for an 89-day period in 1988 and a 51-
day period in 1993. At well 210088 in the Stony Brook drainage basin, the range in water levels
measured from January 1968 through September 1994 is 17.2 ft. However, the sharp drops in the
water levels in this well during 1987 and 1992 probably are the result of withdrawals from an
irrigation well located 800 ft east of this well (Jacobsen and others, 1987, p. 16). Except for these
sharp drops, the range in water levels during the period of record is only 4.0 ft. In the area of this
well, the water-table surface slopes about 50 ft/mi. Since 1968, water levels in this well have
been measured 1 to 12 times per year, except in 1976, when no measurements were made. At
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water-bearing units is necessary. For the purposes of this study, however--analysis of the effects
of relatively large-scale features on ground-water flow--the model is adequate.

The other complexity this model does not address is the variability of fracture spacing
within each geologic unit. This limitation also precludes use of the model for site-specific
problems but does not detract from its usefulness as a tool for studying the effects of large-scale
geologic features on ground-water flow.

Prepumping Water Budgets
Ground-water budgets simulated with the digital model for all three surface-water
drainage basins in the study area are shown in figure 16. The budget for the Stony Brook
drainage basin pertains to the part of the basin upstream from streamflow-gaging station
01401000, which is about 2 miles upstream of the point at which Stony Brook crosses the study-
area boundary (fig. 17). This gaging station has provided a continuous record of streamflow

since October 1953. The part of the basin upstream from the gaging station consists of 44.5 mi?;
the downstream part is 3.5 mi’.

Initial estimates of base flow and areal recharge were made on the basis of records of
streamflow, precipitation rates, and air temperature, and reported pumpage and sewage-outflow
rates. Initial estimates of ground-water flow into the study area were made on the basis of the
estimated amount of recharge to and direct runoff from the source areas of these flows. These
initial estimates were adjusted within reasonable ranges during model calibration. The methods
by which initial estimates were made and adjustments during model calibration are discussed in
the following sections.

Base Flow and Direct Runoff

Base-flow rates are strongly affected by geologic and topographic features. The total base
flow per unit area is significantly different among the three basins in the study area; the
differences are attributable mostly to the areal distribution of diabase rocks.

nitial estimat

The initial estimate of average annual base flow in the Stony Brook drainage basin was
based on streamflow at streamflow-gaging station 01401000. For the other two basins, which are
not gaged, the estimates were made by developing correlations between flow at the gaged
station and flow at the ungaged stations.

Stony Brook drainage basin.--The initial estimate of base flow in the part of the Stony
Brook drainage basin upstream from streamflow-gaging station 01401000 was made by using the
streamflow-partitioning method described by Rutledge (1992), in which daily base flow is
separated from direct runoff on the basis of daily changes in streamflow. Estimated average base
flow and direct runoff in the Stony Brook Basin are 8.08 in/yr (2,290,000 ft>/d) and 11.8 in/ yr
(3,340,000 ft3/d), respectively, for the period January 1954 through December 1991.

In the Stony Brook basin, a relatively high portion of streamflow is derived from direct
runoff. For comparison, direct runoff to streams in the Coastal Plain of New Jersey is negligible
(Martin, 1990, p. 59). The high rate of direct runoff in the study area is caused by both lithology
and topographic features. The soils in the study area are rich in silt and clay, which impede
infiltration of precipitation (Holman and others, 1954, p. 39, 42, 45), and the sloping topography
enhances runoff.
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Figure 16. Simulated average-annual prepumping water budgets, 1954-91:
(a) Stony Brook drainage basin, west-central New Jersey, upstream from
streamflow-gaging station 01401000, (b) Beden Brook drainage basin,
west-central New Jersey, (c) Jacobs Creek drainage basin, west-central
New Jersey.
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The estimate of base flow derived from 1954-91 streamflow records was assumed to include
sewage. After subtracting the 0.158 in/yr (44,700 £#3/4) of average-annual sewage outflow
introduced into streams in the basin, the estimated base flow for Stony Brook is 7.92 in/yr
(2,240,000 £t3/d). Prepumping base flow was assumed equal to 1954-91 average annual base flow
plus ground-water pumpage, as discussed in the section on ground-water pumpage, below. The
estimated prepumping base flow in the Stony Brook drainage basin is 8.06 in/yr
(2,280,000 ft3/d).

Beden Brook and Jacobs Creek drainage basins.--Because continuous records of

streamflow are unavailable for the Beden Brook and Jacobs Creek Basins, average-annual base
flow was estimated on the basis of several discharge measurements made under base-flow
conditions during 1954-91. These measurements were made at station 01401600, which is located
where Beden Brook crosses the study-area boundary, and station 01402800, at the mouth of
Jacobs Creek (fig. 17). To estimate the 38-year average base flow at the two ungaged stations,
statistical correlations between discharge at each of the ungaged stations--27 measurements at
the Beden Brook station and 14 at the Jacobs Creek station--and discharge at the Stony Brook
station were developed. The estimated average base flow, after subtracting sewage outflow, is
10.1 in/yr (1,770,000 £t3/d) in the Beden Brook Basin and 10.1 in/yr (855,000 ft>/d) in the Jacobs
Creek Basin. Prepumping base flow was 10.2 in/yr (1,800,000 £t3/d) in the Beden Brook
drainage basin and 10.3 in/yr (874,000 £t/d) in the Jacobs Creek drainage basin.

The estimated base-flow rates per unit area for the Beden Brook and Jacobs Creek Basins
are higher than that of the Stony Brook Basin as a result of flow into the basins from
topographically high areas underlain by diabase (Baldpate and Sourland Mountains) outside the
study area.

Effect of anisolropy

Because anisotropy affects ground-water-flow directions, it affects flow paths to streams
and the size and shape of the recharge area that contributes water to each stream. Lewis (1992)
found that streams in the study area that are aligned along the dip of the rock layers receive some

of the ground water that would have discharged to nearby streams aligned along strike if the
system were isotropic.

Under isotropic, unconfined conditions, the area that contributes ground water to a
stream is approximately equal to the stream's surface-water drainage area. Under the
anisotropic conditions in the study area, however, ground-water flow paths are skewed toward
the strike direction. For example, where a strike-aligned tributary flows into a dip-aligned
stream, some of the water that would, under isotropic conditions, flow to the tributary instead
flows along strike into the dip-aligned stream. Therefore, the area that contributes ground water
to the dip-aligned stream is larger than the stream's surface-water drainage area, and the area
that contributes ground water to a strike-aligned tributary is smaller than its surface-water
drainage area. Consequently, in the study area, the amount of base flow per unit surface-water
drainage area is larger for dip-aligned streams than for strike-aligned streams.

An analysis of simulated base flow in reaches of Stony Brook, Beden Brook, and Jacobs
Creek that were simulated as head-dependent-flux boundaries illustrates the preferential
discharge of ground water to dip-aligned stream reaches. Strike-aligned reaches comprised a
total stream length of 61,300 ft and 142 model cells. Total base flow to these reaches was 530,000
£t3/d, which is equal to 8.65 ft3/d per foot of stream length or 3,730 ft3/d per model cell. Dip-



aligned reaches comprise a tota] stream length of 44,600 ft and 95 model cells. Total base flow to
these reaches was 683,000 ft/d, which is equal to 15.3 f3/d per foot of stream length or

7,190 £t3/d per model cell. Therefore, dip-aligned stream reaches receive 1.77 times as much base
flow per unit length as strike-aligned reaches, and 1.93 times as much base flow per model cell as
strike-aligned reaches.

Base-flow rates in the digital model

The initial estimates of total average base flow in each drainage basin were used to
determine of the initial flux rate applied to each stream cell that was simulated as a specified-flux
boundary (fig. 12). For each drainage basin, the specified flux in each cell initially was estimated
by distributing the total estimated base flow in the basin among all the stream cells in the basin
on the basis of stream length. For each cell simulated as a specified-flux boundary, these initial
estimates of base flow were adjusted to reflect variations in base flow caused by geologic
features. For tributaries underlain by diabase rocks, the initial estimate of base flow was
multiplied by 0.4 to reflect lower amounts of recharge in these areas. For tributaries aligned
along the strike of the rock layers, the initial estimate of flux was multiplied by 0.8. For
tributaries aligned along the dip, the initial estimate was multiplied by 1.2.

The total simulated prepumping base flow, including all stream cells simulated as
specxﬁed -flux boundaries and as head-dependent-flux boundaries, is 2,320,000 ft*/d (8.19 in/yr)
in the part of the Stony Brook Basin upstream from the streamﬂow-gagmg station,

1,590,000 £t3/d (9.06 in/ yr) for the Beden Brook basin, and 789,000 ft°/d (9.32 in/yr) in the Jacobs
Creek Basin. The total simulated base flow in the part of the Stony Brook drainage basin
downstream from the gaging station is 234,000 ft3/d (10.4 in/yr).

In the Stony Brook drainage basin upstream from the streamflow-gaging station,
1,140,000 £t3/d was simulated as head-dependent flux and 1,180,000 fts/ d was simulated as
specified flux. In the Beden Brook drainage basm, a total of 352,000 ft3/d of base flow was
simulated as head-dependent flux and 1,240, 000 ft/d was simulated as specified flux. In the
Jacobs Creek drainage basin, a total of 339,000 £t3/d of base flow was simulated as head-
dependent flux and 450,000 ft3/d was simulated as specified flux. All stream reaches
downstream from the Stony Brook streamflow-gaging station were simulated as head-
dependent-flux boundaries.

Ground-Water Pumpage

Reported ground-water pumpage in the study area for 1987 is 406.74 million gallons
(table 6). The largest purveyors in the study area are Hopewell Borough, Pennington Borough,
and Elizabethtown Water Company. Water pumped by Hopewell and Pennington Boroughs is
used for domestlc needs for residents of those two boroughs. Water pumped by Elizabethtown
Water Company enters a large distribution system that extends well beyond the study area.
Most of the water pumped from the study area by Elizabethtown Water Company probably is
used outside the study area. The locations of wells listed in table 6 are shown in figure 18.

! The use of company names in this report is for identification only and does not impute responsibility for any present or
potential effects on the natural resources.
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Table 6.

N
DEAEN DIO0K, d

[Data from N.J. Department of Environmental Protection; pumpage was reported as totals for each
owner because withdrawal data for individual wells for 1987 are not available; USGS, U.S. Geological
Survey; e, pumpage estimated by apportioning total reported 1987 pumpage for the purveyor on the
basis of reported 1986 pumpage from individual wells}

Total pumpage
USGS well (millions of
number Well owner Geologic unit gallons)

Stony Brook drainage basin upstream from streamflow-gaging station 01401000

210257 Hopewell Valley Golf Course Passaic 227
210090 Pennington Borough Passaic €27.63
210269 Pennington Borough Passaic €23.74
210373 Pennington Borough Passaic e7.67
210309 Educational Testing Service Lockatong

210308 Educational Testing Service Lockatong 11.210
210251 Educational Testing Service Lockatong

210242 Mobil Research and Development Corp. Passaic 30.650
210376 Mobil Research and Development Corp. Passaic }

210267 American Telephone and Telegraph Passaic

210408 American Telephone and Telegraph Passaic 3.6
210250 American Telephone and Telegraph Passaic

210409 American Telephone and Telegraph Passaic

Stony Brook drainage basin downstream from streamflow-gaging station 01401000

210196 Elizabethtown Water Co. Stockton 183.56
210288 Elizabethtown Water Co. Stockton }

Beden Brook drainage basin

210087 Hopewell Borough Stockton
210189 Hopewell Borough Stockton } 73.710
210277 Hopewell Borough Passaic

Jacobs Creek drainage basin
210275 Pennington Borough Passaic €34.87
210244 Washington Crossing Water Co. Passaic 7.831
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Figure 18. Public supply, industrial, and commerical wells in the study area
Stony Brook, Beden Brook, and Jacobs Creek drainage basins, west-central
New Jersey.
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Ground-water pumpage from the part of the Stony Brook drainage basin upstream from
the streamflow-gaging station was 106.77 million gallons in 1987. This is equal to an average of
0.14 in/yr over the gaged part of the basin. This pumpage included all of the water withdrawn
by Educational Testing Service, Mobil Research and Development Corporation, Hopewell Valley
Golf Course, American Telephone and Telegraph Company, and three of the Pennington
Borough wells. Wells owned by the Elizabethtown Water Company are in the part of the Stony
Brook drainage basin downstream from the gaging station.

Ground-water pumpage from the Beden Brook drainage basin was 73.710 million gallons
in 1987. This pumpage consists of water withdrawn from the Hopewell Borough wells and is
equal to an average of 0.154 in/yr over the basin area.

Ground-water pumpage from the Jacobs Creek drainage basin was 42.70 million gallons
in 1987. This pumpage consists of water withdrawn from the Washington Crossing Water
Company well and one of the Pennington Borough wells and is equal to an average of
0.185 in/yr over the basin area.

Because average pumpage data are not available for the entire period 1954-91 for many of
the purveyors, 1987 pumpage was added to the 1954-91 average-annual base flow to estimate
prepumpage base flow. Average pumpage for 1954-91 is probably slightly lower than the 1987
pumpage; however, the 1987 pumpage is considered to be an adequate estimate of the average
pumpage because the 1987 pumpage is low compared to the overall water budget. Therefore, an
overestimate of pumpage would not significantly affect the overall water budget.

Ground-Water Flow to and from Adjoining Drainage Basins

Small amounts of ground water flow across the surface-water drainage divides along
parts of the study-area boundary—-near Baldpate and Sourland Mountains—and at drainage-
basin divides within the study area. The amount of flow that crosses basin boundaries from
outside the model area initially was estimated on the basis of the amount of recharge to and
surface runoff from the source areas of these flows. The part of Sourland Mountain that is
outside the study area is about 2 miles long and covers an area of about 1.2 mi2, Recharge to that
part of the mountain is estimated to be about 31,400 ft3/d on the basis of the average recharge
rate to diabase rocks. The digital model best simulated measured heads when the rate was
adjusted to 27,300 ft>/d. This water probably is derived in total or mostly from recharge to
Sourland Mountain because a stream there probably captures any surface runoff.

The part of Baldpate Mountain that slopes eastward toward the study area consists of
about 0.75 mi?, Recharge to this part of the mountain is about 20,000 ft3/d, on the basis of the
average recharge rate to diabase rocks, and surface runoff is about 76,000 ft3/d. Because no
streams flow through the eastern part of Baldpate Mountain, all of the direct runoff from the
mountain may infiltrate the more permeable Passaic Formation rocks adjacent to the mountain
near the study-area boundary and flow into the study area along with the recharge to the eastern
part of the mountain. Therefore, the initial estimate of flow crossing the model boundary in this
area was 96,000 ft>/d distributed over 10 model cells. During model calibration, this amount
was increased to 104,000 ft>/d.

Flow rates across drainage divides within the study area—between Jacobs Creek and

Stony Brook and between Stony Brook and Beden Brook--were derived directly from the
calibrated digital model. Flow from the Beden Brook drainage basin to the Stony Brook drainage
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basin amounts to 14,400 £t3/d . Flow from the ga§ed part of the Stony Brook Basin consists of
4,750 ft3/d to the Jacobs Creek Basin and 7,860 ft>/d to the part of the Stony Brook Basin
downstream from the streamflow-gaging station. Most of the flow (90 percent) between these
adjoining basins occurs in model layer 1 along short flow paths in areas where ground-water
divides are offset slightly from surface-water divides. The small amount of interbasin flow in
layer 2 is deep flow from topographically high areas (such as areas underlain by diabase rocks) to
lowlying streams, such as the downstream reaches of Jacobs Creek and Stony Brook. This deep
flow is depicted in figure 10 by the long flow lines.

Areal Recharge

The average areal recharge rate for each drainage basin was estimated from base flow.
The average rates were then adjusted to account for differences in recharge rates to the different
rock types in the study area.

Initial estima

Initial estimates of areal recharge were made by two methods. One estimate was made
with the assumption that recharge equals base flow to streams. For the part of the Stony Brook
drainage basin upstream from the streamflow-gaging station, the recharge rate estimated in this
way is 8.06 in/yr. For the Beden Brook and Jacobs Creek drainage basins, the average areal
recharge estimated in this way are 10.2 and 10.3 in/yr, respectively.

The second initial estimate of areal recharge was made with the assumption that base
flow equals precipitation minus evapotranspiration and direct runoff. This estimate was made
only for the Stony Brook drainage basin because estimates of direct runoff, which are based on
continuous streamflow data, are available only for that basin.

Mean-annual precipitation in the study area during the 30-year period 1951-80 was 45.07
inches (table 7). Precipitation in the study area was estimated from the weighted average mean-
monthly precipitation at the three weather stations nearest the study area. Weights assigned to
each station were based on the part of the study area that is nearest the station--Lambertville,
0.403; Flemington, 0.348; and Hightstown, 0.248.

Mean-annual evapotranspiration was estimated with the method described by
Thornthwaite and Mather (1955). This method incorporates mean-monthly air temperature and
number of hours of sunlight. The method provides an estimate of potential evapotranspiration—
the total amount of evaporation and transpiration that could occur if there were a constant
supply of water in the soil. The estimated potential evapotranspiration in the study area is 27.28
in/yr. Mean-monthly estimates are listed in table 7. The Thornthwaite and Mather method does
not take into account land use, soil type, or topography, all of which affect the ratio of direct
runoff to precipitation. This ratio is relatively high in the study area--26 percent; consequently,
the water available for evaporation and transpiration from the soil is relatively low. Therefore,
the potential evapotranspiration rate estimated by using this method probably is higher than the
actual evapotranspiration rate in the study area.

The estimated recharge rate for the Stony Brook Basin based on precipitation, potential
evapotranspiration, and direct runoff is 5.98 in/yr, which is significantly lower than the estimate
based on base flow. Because the evapotranspiration rate used in the second estimate probably
was too high, the estimate based on base flow is considered to be the more accurate of the two
estimates.
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Table 7. Vi€ d

O

[Mean-monthly air temperature and precipitation are for the 30-year period 1951-80 (National Oceanic
and Atmospheric Administration, 1990). Mean-monthly temperature and precipitation for the study area
were estimated from the weighted average mean-monthly air temperature and precipitation for the three
weather stations nearest the study area. Weights assigned to each station are based on the part of the
study area that is nearest the station~Lambertville, 0.403; Flemington, 0.348; and Hightstown, 0.248]

Mean-monthly Mean-monthly Mean-monthly
air temperature evapotranspiration precipitation
Month (degrees Fahrenheit) (inches) (inches)
January 29.5 0 347
February 313 0 3.01
March 40.0 52 4.09
April 50.8 1.75 3.82
May 60.6 3.28 3.67
June 69.7 4.88 3.46
July 74.5 5.59 4.27
August 734 5.02 4.67
September 66.0 3.54 3.86
October 54.7 1.89 3.31
November 4.2 76 3.69
December 33.6 .05 3.75
Total 27.28 45.07




The estimated recharge rates are average rates for each basin. Within each basin, the
recharge rate varies areally as a result of the presence of geologic and topographic features such
as diabase rocks and the Hopewell Fault. These features and their effects on areal-recharge rates
are discussed in the following sections.

Effect of digbase rocks

Diabase rocks significantly affect the areal distribution of recharge. Conceptually, areas
underlain by diabase rocks were hypothesized to receive less areal recharge than areas underlain
by the more permeable sedimentary aquifers. Infiltration and percolation of precipitation is

hindered in areas underlain by diabase because the slopes are steeper in these areas than in other
parts of the study area.

A comparison of base-flow rates in streams draining areas underlain by diabase rocks
with base-flow rates in streams draining areas underlain by sedimentary rocks supports this
hypothesis. In August and November 1987, base flow was measured at several sites throughout
the study area (Jacobsen and others, 1993, p. 63-66). In each of the three surface-water drainage
basins, base flow was measured at one site whose drainage area is wholly or mostly underlain by
diabase rocks. Ground-water-runoff rates (base flow divided by drainage area) at these three
sites were compared to those at the furthest station downstream at which base flow was
measured on the same day or, at one station, the previous day. The stations furthest downstream
were selected with the assumption that base flow at these sites would be approximately equal to
average base flow in the basin. The base-flow and runoff data for these stations indicate that the
ratio of runoff in areas underlain by diabase to runoff in areas underlain by all rock types is
approximately 0.375 (table 8). The locations of the base-flow-measurement sites used in this
analysis are shown in figure 17.

Some of the precipitation that does not infiltrate into the diabase rocks was assumed to
run over land surface or through the unsaturated zone and subsequently infiltrate downslope in
areas underlain by the more permeable rocks near the borders of the diabase sills. The total
amount of additional recharge received by these areas was assumed to be equal to the difference
between the total amount of recharge that would have been applied to the diabase areas if they
were underlain by other rocks and the actual amount of recharge applied to the diabase rocks.
For each diabase sill, the total amount of additional recharge was distributed evenly among cells
surrounding the sill. The additional recharge was applied one cell away from the edge of each
diabase sill to account for the relatively impermeable hornfels rocks that surround each sill.

For example, the diabase rocks that comprise Pennington Mountain (fig. 4) occupy an
area of about 34,500,000 ft2. If this area were underlain by one of the sedimentary aquifers, it
would receive recharge at a rate of 8.20 in/yr (64,600 ft3/d) rather than 4.11 in/yr (32,400 ft3).
The difference-32,200 ft3--was assumed to be the water that flows overland or in the unsaturated
zone and then enters the ground-water system when it reaches the sedimentary rocks. The
additional recharge was distributed evenly among the 45 model cells surrounding Pennington
Mountain. Consequently, 12.5 in/yr of recharge was added to the 8.20 in/yr that this area is
assumed to receive directly from precipitation for a total recharge rate of 20.7 in/yr to the cells
surrounding Pennington Mountain.
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[mi?, square miles; ft*/s, cubic feet per second; in/yr, inches per year]

Ratio of
runoff in
areas
underlain
by diabase
to runoff
Ground- in areas
Drainage water underlain
Date of Station Rock area Discharge runoff by all
measurement  number type (mi?) (3/s) (in/yr) rock types
08/14/87 01400870 Diabase 2.60 0.25 1.31 0.336
08/13/87 01401000 All 445 12.8 3.90
11/20/87 01400870 Diabase 2.60 1.25 6.53 .738
11/20/87 01401000 All 445 29.0 8.85
08/13/87 01401540 Diabase 3.84 07 247 043
08/13/87 01401600 All 27.6 11.8 5.80
11/19/87 01401540 Diabase 3.84 20 707 065
11/19/87 01401600 All 27.6 22.0 10.8
08/13/87 01402730 Diabase 1.84 31 2.29 405
08/13/87 01402800 All 13.3 5.54 5.65
11/19/87 01402730 Diabase 1.84 1.06 7.82 663
11/20/87 01402800 All 13.3 11.6 11.8
Average ratio of runoff in diabase to runoff in all rock types: 0.375
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Etfect ot Hopewell Fault

The hydrologic system varies along the fault zone. The escarpment is steeper in the
eastern part of the study area than in the western part, and a stream flows along the fault in the
western part of the study area. These features affect the rate of recharge to the fault zone.

In the eastern part of the study area, the escarpment on the northwestern side of the
Hopewell Fault was hypothesized to have a similar effect on recharge as the diabase rocks do,
and the relatively permeable rocks in the fault zone enhance recharge. Recharge at the base of
the escarpment is analogous to the flow of precipitation along a roof and into a drain along the
side of a building. All of the direct runoff from precipitation that flows down the fault
escarpment probably enters the ground-water system in the fault zone. This amounts to
162,000 £t3/d (64.4 in/yr) distributed among 44 cells at the foot of the escarpment.

The digital model best simulated measured heads and base flow when recharge was
applied at the foot of the fault escarpment at a rate of 95 in/yr. The additional 31 in/yr of
recharge at the fault zone probably is derived from precipitation that falls directly on the fault
zone. The high permeability of the rocks in the fault zone probably results in little or none of this
precipitation being lost to direct runoff. Also, less water is lost to evapotranspiration in the fault
zone than in other parts of the study area because vertical conductivity in the fault zone is
sufficiently high to allow much of the precipitation to flow down past the root zone before it can
be used by vegetation.

In the western part of the study area, where the fault escarpment is less steep than in the
eastern part, less runoff reaches the fault zone. Runoff that does reach the fault zone probably is
captured by the stream that runs along the escarpment. Therefore, no additional areal recharge
was simulated in the model along this part of the fault zone.

Areal rect les in the digital model

In the digital model, rates of recharge to diabase rocks and non-diabase rocks were
assumed to be constant throughout the study area, except in the fault zone. The rates applied to
the diabase and non-diabase rocks were 4.11 and 8.20 in/yr, respectively. Because the total area
underlain by diabase rocks and non-diabase rocks varies from basin to basin, and because the
recharge rate in the fault zone varies, the overall average recharge rate is different for each basin.
The average rates of areal recharge for the Stony Brook (above the streamflow-gaging station),
Beden Brook, and Jacobs Creek Basins are 8.25,9.11, and 8.11 in/yr, respectively, and the average
rate over the entire study area is 8.58 in/yr.

Hydraulic-conductivity zones in the model were established to coincide with the
outcrops of geologic units (fig. 4) because lithology was found to be the major determinant of
hydraulic conductivity. Simulated values of horizontal hydraulic conductivity, vertical
conductance, and streambed conductance are listed in table 9.

The simulated values of horizontal hydraulic conductivity used in the model represent
the hydraulic conductivity of each model layer as a whole rather than that of the individual
water-bearing zones or confining units that comprise each model layer. Similarly, the vertical-
conductance values used in the model and reported in table 9 are based on the vertical hydraulic
conductivity of each entire model layer.
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[NA, not applicable; ft/d, feet per day; ft”, per foot]

Horizontal hydraulic conductivity

Layer 1 Layer 2 Streambed
Strike Dip Strike Dip Vertical conductance
Formation direction direction direction Direction conductance! factor?
or zone (ft/d) (ft/d) (ft/d) (ft/d) (fth (ft/d)

Diabase 0.1 0.1 0.001 0.001 7.00x 10° NA
Diabase~ 1.00 1.00 01 .01 7.00x 107 0.1
stream cells

Passaic 50 25 25 025 3.74x10% NA
Passaic-—- 500 250 25 25 374x103 15
stream cells

Passaic— 2 1 01 .001 550 x 1078 NA
Lockatong-

like strata

Passaic— 20 10 1 .01 550x 10° 15
Lockatong-

like strata--

stream cells

Lockatong—- 10 5 05 005 3.00x 108 NA
northern zone

Lockatong— 100 50 5 05 3.00x 10 15
northern zone--

stream cells

Lockatong— 2 1 01 .001 5.50 x 107 NA
southern zone

Lockatong— 20 10 1 .01 5.50 x 10° 15
southern zone—

stream cells

Lockatong— 50 25 25 025 374 x 10 NA
Passaic-

like strata

Lockatong- 500 250 25 25 374 x10° 1.5
Passaic-like strata--

stream cells
Stockton — .50 25 0025 .00025 3.00x 1076 NA
northern zone
Stockton— 5 25 025 .0025 3.00x10° 1
northern zone—

stream cells

Stockton— 17.5 8.75 0875 .00875 1.72x10* NA
southern zone

Stockton— 175 875 875 .0875 172x10° 1.5
southern zone

stream cells

Fault zone 100 50 50 5 7.00 x 10°2 15

1. Vertical conductance = W where m, and m, = thickness of layers 1 .and 2, respectively, and
Kz, + Kz, Kz, and Kz, = vertical hydraulic conductivity of layers 1 and 2, respectively.
Kw
2. Streambed-conductance factor = - where K, =hydraulic conductivity of the streambed material,
s

W = width of the stream, and m s = thickness of the streambed.
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Except at the fault, the contacts between geologic units dip at the same angle as the rock
layers—12 to 15 degrees to the northwest. Therefore, the actual contacts span a distance of about
2,400 to 2,800 ft, or about four to six model cells, in the 500-ft thickness simulated by the model.
For this reason, changes in conductivity at contacts were distributed over a four-cell width (two
cells on each side of a contact) on a logarithmic scale. For example, at the contact between a zone
in which the horizontal hydraulic conductivity in the strike direction is 175 ft/d and a zone in
which the conductivity is 2 ft/d, the simulated hydraulic conductivities in the four cells nearest
the contact are 175, 39, 9, and 2 ft/d.

Another reason for distributing the change in conductivity over a four-cell width at
contacts is that all of the contacts are gradational rather than sharp. The contacts between the
Stockton and Lockatong Formations and between the Lockatong and Passaic Formations
represent gradual changes in lithology, whereas the contact formed by the Hopewell Fault is
gradual because the extent of fracturing caused by faulting decreases with distance from the
fault. Contacts at the edges of diabase sills are gradational because of the presence of altered
rocks (hornfels) around the sills.

Horizontal Hydraulic Conductivity in the Direction of Strike

Horizontal hydraulic conductivity in the strike direction varies from 0.1 to 500 ft/d in
layer 1 and from 0.001 to 50 ft/d in layer 2.

Rigbase rocks
The simulated hydraulic conductivity of the diabase rocks in model layer 1 was 0.1 ft/d.
This was the lowest value of hydraulic conductivity used in layer 1 and is consistent with the

conceptual model of ground-water flow, in which the relatively impermeable diabase rocks
impede ground-water flow.

The simulated hydraulic conductivity of the diabase rocks in layer 2 of the digital model,
0.001 ft/d, is lower than the conductivity in layer 1 by a factor of 100. This difference reflects the
decrease in permeability and the density of fractures with depth below land surface as
determined from specific-capacity values and the numbers of fractures in rock cores.

sStockton Formation

Two zones of different conductivity in the Stockton Formation in the digital model
coincide with the two areas in which the formation crops out--at the southern border of the study
area and on the northern side of the Hopewell Fault (fig. 4). The hydraulic conductivity used in
layer 1 of the digital model for the Stockton Formation at the southern border of the study area
(17.5 ft/d) is much higher than the value used for the area north of the fault (0.5 ft/d). The value
used for the southern outcrop is more representative of the Stockton Formation than the one
used for the northern outcrop because the Stockton Formation is reported to be the most
permeable aquifer in the area. The low hydraulic conductivity of layer 1 in the northern outcrop
of the Stockton Formation is a function of the depth below land surface (average 110 ft) of the

bottom of layer 1 in this area. Consequently, model layer 1 in this area represents rocks that are,
on average, less fractured and less permeable than the rocks in layer 1 elsewhere in the model.

In layer 2 of the digital model, the simulated hydraulic conductivity of the Stockton
Formation was set lower than that of layer 1 by a factor of 200 to account for the decrease in
permeability with depth.



kockgatong Formation

The Lockatong Formation was divided into thee zones of hydraulic conductivity in the
digital model. Two of these zones coincide with the two areas in which the formation crops
out--north of each of the two Stockton Formation outcrops (fig. 4). The third zone consists of the
parts of the Lockatong Formation that are mapped as a separate geologic unit (Trlr) in figure 4.
This zone was assumed to have the same hydraulic properties as the Passaic Formation and was
therefore was assigned the same hydraulic conductivity.

The principal (strike-direction) hydraulic-conductivity values used for the Lockatong
Formation in model layer 1 are 2.0 ft/d near the southern border of the study area and 10.0 ft/d
for the area north of the fault. Initially, a value of 2.0 ft/d was assigned to both of these zones.
During model calibration, however, a closer match between measured and simulated heads and
base flow was achieved by increasing the value for the zone north of the fault to 10.0 ft/d. The
difference in hydraulic conductivity in these two zones probably reflects a difference in lithology.
The northern zone may include some thin, unmapped zones of Passaic Formation-like rocks
(Trlr) similar to those mapped in the southern band, which would cause the overall conductivity
of the northern band to be higher than that of the southern band.

Simulated hydraulic conductivity of the Lockatong Formation was lower in layer 2 of the
digital model than in layer 1 by a factor of 200--the same ratio as that used for the Stockton
Formation.

Bassaic Formation

Two zones of hydraulic conductivity were used for the Passaic Formation in the digital
model. One of these zones consists of the two areas where Passaic Formation crops out--the
large area south of the Hopewell Fault and the small area in the northwestern part of the study
area (fig. 4). The principal (strike-direction) conductivity value used for these areas in model
layer 1 is 50.0 ft/d (table 9). The second zone consists of the parts of the Passaic Formation that

are mapped as a separate geologic unit (Trpg) in figure 4. This zone was assumed to have the
same hydraulic conductivity as the southern zone of the Lockatong Formation (2.0 ft/d).

Simulated hydraulic conductivity of the Passaic Formation was lower in layer 2 of the
digital model than in layer 1 by a factor of 200--the same ratio as that used for the Stockton and
Lockatong Formations.

Eqult zone

The hydraulic conductivity of the fault zone was assumed to be higher than that of the
surrounding rocks on the basis of reports of wells with high yields and high specific capacities in
the fault zone. The fault zone consists of a 1,000-ft-wide (two-model-cell-wide) area that extends
through the model area from southwest to northeast (fig. 4) and through both model layers.
Simulated heads in the digital model were nearest to measured heads when conductivities of
100 ft/d and 50 ft/d were used for layer 1 and layer 2, respectively, of the fault zone.

Areqs peqy streams

Streams in the study area generally follow the outcrops of water-bearing zones or joints.
For this reason, the hydraulic conductivity of the aquifers was arbitrarily set higher in cells
containing streams (fig. 12) than in other cells by a factor of 10 (table 9). Hydraulic conductivity



in cells in layer 2 underlying streams also were increased by a factor of 10 because the water-
bearing zone in layer 1 was assumed to continue into layer 2.

Horizontal Anisotropy Ratio

The ratio of hydraulic conductivity in the strike direction to hydraulic conductivity in the
dip direction (the anisotropy ratio) used in the model was 2:1 in layer 1 and 10:1 in layer 2 for all
of the sedimentary aquifers and for the fault zone. The lower ratio used for layer 1 is related to
the higher density of fractures and greater effects of weathering in the shallow part of the
aquifers compared to deeper part of the aquifers. Rock layers that act as confining units are
much more fractured near land surface than at depth. Consequently, the confining effect of these
layers is diminished near land surface and anisotropy also is diminished. In addition,
intergranular porosity of some of the shallow rocks makes them more isotropic than the
underlying, less weathered rocks.

The diabase rocks are assumed to be isotropic because they are not layered and because
the fracture pattern in diabase rocks is more random than in the sedimentary rocks.
Consequently, an aniostropy ratio of 1:1 was assigned to model cells representing diabase rocks.

Vertical Hydraulic Conductance

Vertical-hydraulic-conductance values used in the digital model are listed in table 9.
McDonald and Harbaugh (1988, p. 5-13) define the vertical conductance between two model
layers that represent two adjacent hydrogeologic units whose vertical conductivities differ
according to the equation

1
ml1/2 R m2/2 '
Kz1 Kz2

where m1 and m2 = thicknesses of layers 1 and 2, respectively, and

Vertical conductance =

Kz1 and Kz2 = vertical hydraulic conductivities of layers 1 and 2, respectively.

As a first approximation, the vertical conductivity of the sedimentary aquifers and the
fault zone was estimated to be equal to the horizontal hydraulic conductivity in the dip direction.
The saturated thicknesses of layers 1 and 2 were approximated at 50 ft and 425 ft, respectively.
During model calibration, simulated heads were found to be highly sensitive to changes in
vertical conductance. In the calibrated model, all initial estimates of vertical conductance were
increased by factors ranging from 1.28 for the Passaic Formation to 4.17 for the southern zone of
the Stockton Formation. The resulting calibrated conductance values indicate that the vertical
hydraulic conductivity of the Stockton, Lockatong, and Passaic Formations is slightly higher
than the dip-direction horizontal conductivity. The vertical conductance of cells containing
streams and cells below streams in layer 2 was increased by a factor of 10 for the same reasons as
those described for horizontal conductivity. The change in vertical conductance at geologic
contacts was distributed over a four-cell width in the same way as was the change in horizontal
hydraulic conductivity.
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Streambed Hydraulic Conductance

In the digital model, all reaches of Stony Brook, Beden Brook, and Jacobs Creek except
the uppermost reaches were simulated as head-dependent-flux boundaries by using the "River
module" of the McDonald and Harbaugh (1988) flow model. The rate of flow between the
streams and the aquifer is controlled by the head difference between the aquifer and the stream
and by the hydraulic conductance of the stream-aquifer interconnection. McDonald and
Harbaugh (1988, p. 6-5) define this hydraulic conductance according to the equation

CRIV = Ks LW )

ms

where CRIV = the hydraulic conductance of the stream-aquifer interconnection,
Ks = the vertical hydraulic conductivity of the streambed material,
L = thelength of the reach,
W = the width of the stream, and
ms = the thickness of the streambed.

Streambed material in the study area consists of clayey silt, silt, sandy silt, or fractured
bedrock with one of these materials filling the fractures. As a first approximation, the hydraulic
conductivity of the streambed material was assumed to be equal to the hydraulic conductivity of
silt, about 0.1 ft/d (Heath, 1983, p. 13). The length of stream reach within each model cell was
determined by digital scanning of topographic maps. The width of the three major streams was
estimated at 20 ft in all reaches--the approximate average width of Stony Brook, Beden Brook,
and Jacobs Creek at sites where stream discharge was measured. The thickness of the streambed
was estimated to be 5 ft. Because the length of the stream within each model cell could be
determined exactly, but the other parameters included in the conductance are estimates, the
length of each reach was held constant during model calibration and a streambed conductance
factor—the product of the other three parameters--was adjusted.

The initial estimate of streambed conductance factor was 0.4 ft/d. In the calibrated
model, heads and base flow were best simulated when a streambed conductance factor of
0.1 ft/d was applied to stream reaches underlain by the diabase rocks and by the Stockton
Formation outcrop north of the Hopewell Fault. The streambed conductance factor applied at all
other stream reaches was 1.5 ft/d. The relatively low streambed conductance factor for the
diabase probably results from the presence of a relatively high percentage of clay in the
streambed material. Diabase rocks weather to a more clayey material than do other rocks in the
study area. The relatively low hydraulic conductivity for the part of the Stockton Formation that
crops out north of the Hopewell Fault probably is caused by the low conductivity of the rocks
underlying the streambed. Streams in this area are very deeply incised, and the rocks at depth
are less extensively fractured than shallower rocks. The rocks underlying the streambed
probably are less permeable than the streambed, so the hydraulic connection between the stream
and the aquifer is controlled by the conductivity of the bedrock rather than by the conductivity of
the streambed.
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Vertical Distribution of & \-Water Fl

In the conceptual model ground-water flow was hypothesized to occur mostly in the
shallow part of the system because the decrease in the density of fractures with depth restricts
flow in the lower part of the system. In the calibrated digital model, 94 percent of the recharge to
layer 1 remains in layer 1 and discharges to streams near the point of recharge. The other 6
percent of recharge flows downward from layer 1 to layer 2, flows a relatively long distance--up
to a few miles--in layer 2, and then flows back into layer 1 and discharges to one of the major
streams (Stony Brook, Beden Brook, or Jacobs Creek).

SUMMARY AND CONCLUSIONS

This study was undertaken as part of the Appalachian Valleys-Piedmont Regional
Aquifer-Systems Analysis to characterize ground-water flow in the Mesozoic structural basins of
the eastern United States. The study area consists of about 89 mi? in the Newark Basin of New
Jersey. Ground-water flow in the Mesozoic-basin rocks is controlled by a complex hydrogeologic
framework consisting of dipping beds of fractured sedimentary rocks, massive diabase rocks,
and faults.

The study area is underlain by three sedimentary rock formations—the Stockton,
Lockatong, and Passaic Formations—and by diabase sills. The sedimentary formations all
contain fractured siltstone, shale, and sandstone; the Lockatong Formation also contains beds of
massive, sparsely fractured argillite. The three formations are differentiated on the basis of the
proportion of each rock type present. In these sedimentary formations, extensively fractured
water-bearing units are interlayered with sparsely fractured confining units. The diabase rocks
are massive and very impermeable relative to other rocks in the study area. All of the formations
are thousands of feet thick in the study area. The density of fractures in all of the rocks decreases
with depth and, in rocks more than about 500 ft below land surface, fractures are so sparse that
ground-water flow is negligible.

The Hopewell Fault is a major, near-vertical fracture that extends vertically though all of
the formations and trends northeast through the study area. Rocks on both sides of the fault are
extensively fractured.

The beds of the sedimentary rocks dip about 12 to 15 degrees to the northwest.
Therefore, within the study area, each water-bearing unit extends only from its outcrop area
downdip to a depth of about 500 ft below land surface, where the permeability is negligible.
Along strike, however, each water-bearing unit is extensive. Because the water-bearing units are
much more extensive in the strike direction than in the dip direction, ground-water flow is
anisotropic, and ground-water-flow directions are skewed toward the strike direction. This
causes dip-aligned streams to receive more base flow and strike-aligned streams to receive less
base flow than they would if the system were isotropic. Between land surface and about 50 to
150 ft below land surface, ground-water flow is unconfined because fractures are dense and
interconnected. At greater depths, sparsely fractured beds impede flow enough to cause
confined conditions.

The aquifers in the study area differ with respect to average specific capacity per foot of
open hole. For the Stockton, Lockatong, and Passaic Formations and diabase rocks, the median
specific capacity per foot of open hole is 0.00545, 0.00115, 0.00393, and 0.00143 ((gal/min)/ft)/ft,
respectively. The decrease in the density of fractures with depth below land surface also is
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reflected in specific-capacity data. The mean specific capacities per foot of open hole of wells that
are less than 76 ft deep are two to six times greater—depending on geologic formation—than those
of wells 76 to 100 ft deep. Reported transmissivities range from 100 to 4,700 ft?/d for the
Stockton Formation and from 900 to 4,300 ft?/d for the Passaic Formation. Storage coefficients
estimated from results of aquifer tests range from 0.00001 to 0.367.

Water-level data for wells and streams in the study area indicate that ground-water
divides generally coincide with surface-water divides and that most ground water discharges to
streams near the point of recharge. Exceptions are found where water enters the ground-water
system in topographically high areas underlain by diabase rocks and flows under one or more
surface-water divides before discharging to a stream.

Because diabase rocks are very impermeable and resistant to erosion relative to other
rocks in the study area, they form topographically high areas. The rate of areal recharge to these
rocks is about one-half the rate of recharge to other rocks, and the surface-runoff rate is higher.
Excess surface runoff flows downslope over land or in the unsaturated zone and enters the
ground-water system where it encounters more permeable non-diabase rocks downslope.

Most ground-water flow in the study area occurs between the water table and 75 ft below
land surface. When the system is unstressed, only about 6 percent of the recharge at land surface
reaches depths greater than 75 ft below land surface.

Water that flows to pumped wells generally is derived mostly from the water-bearing
units intersected by the well opening. Wells near surface-water bodies also derive a significant
amount of water from the surface-water body by induced infiltration.

A three-dimensional finite-difference digital model of steady-state, prepumping ground-
water flow in the study area was developed to test hypotheses concerning the hydrologic
processes and geologic features that control ground-water flow. The decrease in hydraulic
conductivity with depth was simulated by discretizing the model into two layers, with the
conductivity of the upper layer much greater than that of the lower layer. The upper layer
represents the unconfined part of the aquifer system and is generally less than 75 ft thick. The
lower layer is generally 425 ft thick and represents the confined part of the system. Each model
cell is 500 ft on each side. The lower boundary of the model and most of the lateral boundary
were simulated as no-flow boundaries. Two small parts of the lateral boundary, where ground
water flows into the model area from areas underlain by diabase rocks outside the model area,
were simulated as specified-flux boundaries. The upper model boundary is the water table,
which was represented as a free surface. Areal recharge to the water table was simulated as
specified flux. The main stems of Stony Brook, Beden Brook, and Jacobs Creek were simulated
as head-dependent-flux boundaries. Tributaries to these streams are simulated as specified-flux
boundaries.

. The model was calibrated by adjusting horizontal hydraulic conductivity, vertical
conductance, horizontal anisotropy, and streambed conductance until simulated water levels
and base flow most nearly matched measured water levels and base flow. So that simulated
heads could be compared to composite measured heads, the model-generated heads for the two
layers were converted to a single composite head at each model cell on the basis of the saturated
thickness and hydraulic conductivity of each layer.



The digital model was divided into zones of different hydraulic conductivity on the basis
of the outcrop areas of geologic units. Because all of the contacts between zones are gradational,
the change in hydraulic conductivity and vertical conductance was distributed over a four-cell
width at each contact. Horizontal hydraulic conductivities of layer 1 in the strike direction were
0.1 ft/d for the diabase rocks, 17.5 and 0.5 ft/d for the Stockton Formation, 2.0, 10.0, and 50.0 ft/d
for the Lockatong Formation, 2.0 and 50.0 ft/d for the Passaic Formation, and 100 ft/d in the
Hopewell Fault zone. The horizontal conductivity of layer 2 was lower than the conductivity of
layer 1 by a factor of 200, except in the diabase rocks, where the difference was a factor of 100,
and in the fault zone, where the difference was a factor of 2. The ratio of conductivity in the
strike direction to the conductivity in the dip direction was 2:1 in layer 1 and 10:1 in layer 2,
except in the diabase rocks, which were assumed to be isotropic. The vertical conductivity in all
of the rock units was slightly higher than the dip-direction horizontal conductivity.

The quantity of water in the aquifers of the study area is small relative to other
hydrogeologic terranes. Average precipitation in the study area is 45.07 in/yr. Average ground-
water recharge rates to the Stony Brook, Beden Brook, and Jacobs Creek drainage basins are 8.25,
9.11, and 8.11 in/yr, respectively. Over the entire study area, the average recharge rate is
8.58 in/yr.

The digital model developed for this study can be used to analyze the effect of various
controls on the ground-water system only when the area of analysis is relatively large--about
0.5 mi2 or more. Because the model does not explicitly simulate individual water-bearing units,
it cannot be used to analyze flow paths on a small or site-specific scale. Adequate analysis of
ground-water flow on a local scale would require development of a ground-water-flow model
that simulates flow in each water-bearing unit and consideration of additional geologic
complexities in the study area, such as the dip of the water-bearing units and the discontinuity of
water-bearing and confining units in the dip direction.
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